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Vibrio parahaemolyticus (Vp) infection is commonly caused by the consumption
of raw or undercooked shellfish. Raw oysters are associated with most Vp outbreaks.
Pathogenic Vp express thermostable-direct hemolysin (tdh) and to some extent
thermostable-related hemolysin (trh). Additionally, some pathogenic Vp express urease
(uh). The objectives of this work were to discern any relationships between urease (uh)
expression, tdh/trh expression, and hemolytic activity in pathogenic and non-pathogenic
clinical strains, and to compare urease, motility, tdh/trh expression, and hemolytic
activity in raw oyster isolates. This information would determine if urease could be used
as a biomarker to detect pathogenic Vp. About 80% of pathogenic strains were uh+ and
all non-pathogenic strains were uh-. Two oyster samples were uh+ and no tdh or trh was
detected in raw oyster strains.
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CHAPTER I
INTRODUCTION
Vibrio parahaemolyticus (Vp) is a foodborne pathogen commonly implicated in
seafood-related gastroenteritis and is an etiological agent of vibriosis. Vp is a gramnegative, halophilic, motile, and facultative anaerobic bacterium that lives in marine and
estuarine environments throughout the world. Vp is the most common seafood-related
cause of gastroenteritis worldwide (Iwamoto et al., 2010). In addition, Vp is the leading
cause of food poisoning in many Asian countries, including Japan, China, and India
(Hara-Kudo, 2012). Unfortunately, many aspects of Vp’s pathogenesis are still not well
understood. Therefore, it is crucial for scientists to form a deeper understanding of this
microorganism as well as develop novel technologies to prevent future outbreaks.
Vibriosis cases have increased by 75% from 2006 to 2012 (Centers for Disease
Control and Prevention, 2013). The incidence of other common food-borne agents such
as Salmonella and Listeria did not change while Campylobacter cases increased 13%.
This increase in vibriosis has prompted more research into the epidemiology,
pathogenesis, and control of Vibrio parahaemolyticus.
Pathogen reduction begins during pre-harvest when the animal or plant is alive.
The second stage of pathogen reduction is during post-harvest, which includes
harvesting, slaughtering, and processing in a manufacturing facility. The last stage of
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pathogen elimination ultimately relies on the handler/consumer to properly store, handle,
and cook the product.
Oyster production begins with finding a location where oysters will grow.
Different species of oysters grow in different conditions such as water depth, water
temperature, tidal patterns, and soil characteristics. Some oyster growers choose to grow
juvenile oysters at the same location of the oysters that were harvested the previous
season. Most oyster species reproduce through external fertilization and the oyster larvae
remain suspended in the water until they metamorphose into small juvenile oysters. As
the juvenile oysters grow, they become heavy enough to sink. At this time, the juveniles
or “seeds” can be caught in bags and transferred to another growing site, taken for offbottom cultivation methods, or allowed to settle naturally. Oyster growers choosing to
farm oysters in the same area simply provide a substrate (oyster shells, rocks, crushed
shells) known as the “cultch” and the newly attached immature oysters are known as the
“spat”. There are two cultivation methods used, bottom culture and off-bottom culture.
Bottom culture is oyster cultivation using substrates on the seafloor where harvesters
must dredge up the mature oysters. Off-bottom culturing involves placing a mesh bag
containing “seed” on or near substrates that do not have contact with the seafloor.
Examples of off-bottom culturing substrates include racks, rafts, and nets, which can be
removed from the water. In the Gulf of Mexico, oysters grown using bottom culture
method take 2 years to reach market size (3” diameter shell) while oysters cultivated
using off-bottom methods reach market size in 1 year. The harvested oysters are then
ready for distribution (Nosho 2002, Anon 2016).
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Raw oysters are the most common culprits in Vp outbreaks (Iwamoto et al.,
2010), and several strategies are utilized to control V. parahaemolyticus in raw oysters
during the pre-harvest and post-harvest stages. In the pre-harvest stage, the seafood is
alive in the environment. Some species of shellfish and finfish can be cultivated in
controlled conditions such as man-made ponds or growing tanks; however, many
shellfish are cultivated in their natural ecosystem, contiguous to the environment. It is
very difficult to manipulate conditions such as algal blooms, water temperature, and
pollution with an open environment cultivation method (Lee et al., 2008). V.
parahaemolyticus intervention strategies used in the pre-harvest stage are based on
monitoring environmental conditions such as temperature and algal blooms since those
risk factors have been associated with Vp outbreaks. For example, the state of Florida
prohibits oyster harvesting from May to September due to elevated temperatures. States
can also close down oyster harvesting sites during harvest season if environmental
conditions favor Vp proliferation. The FDA Food Code (2009): Annex 3 states “raw
molluskan shellfish intended to be consumed raw must be accompanied by documents
certifying the shellfish have been harvested from areas that meet water quality standards
mandated by the National Shellfish Sanitation Program Guide for the Control of
Molluskan Shellfish.”
For open environment seafood cultivation, post-harvest food safety is critical for
pathogen reduction (Food And Agriculture Organization Of The United Nations, 2011).
In a risk assessment conducted by the FDA regarding the public health impact of
pathogenic Vp in raw oysters (Food And Agriculture Organization Of The United
Nations, 2011), they emphasized risks associated with pathogenic Vp contaminated raw
3

oysters during the harvest, post-harvest, and consumption stages. The FDA’s 2005 risk
assessment schematic diagram included water temperature as the only pre-harvest risk
factor for total Vp/g at harvest, which can be monitored but not directly controlled.
There are several post-harvest microbial intervention practices designed to reduce
Vp in raw molluscan shellfish such as depuration, freezing, irradiation, thermal
processing, and high pressure processing (HPP) (Baker, 2016). Although these practices
can effectively reduce Vp numbers in cooked shellfish, most of these strategies either kill
the mollusk, which are intended to be eaten raw or alive, or do not sufficiently reduce cell
numbers (Baker, 2016). These intervention strategies are usually implemented as part of a
HACCP plan, which requires lowering Vp to <30 MPN/g with a reduction of at least 3.52
log (FDA NSSP, 2013).
Depuration is the process of holding recently harvested shellfish in a closed
system containing clean seawater, using their natural filter-feeding abilities to purge the
shellfish’s gastrointestinal tract of any harmful bacteria or impurities (Lee et al., 2008).
Although depuration has been shown to effectively purge fecal bacteria, depuration has
shown inconsistent results for removing Vibrio spp., marine biotoxins, heavy metals, and
organic chemicals (Lee et al., 2008). The seawater used in depuration is commonly
disinfected by application of ultraviolet light (UV), ozone, or chlorine (Blogoslawski and
Stewart, 1983). In addition, the temperature of the disinfected seawater used in
depuration tanks has an effect on Vp numbers (Phuvasate et al., 2012). Live oysters held
at 3°C did not show a significant reduction of Vp numbers because low temperatures
inhibit the bioactivity of the oysters, thus inhibiting the filtration process (Phuvasate et
al., 2012). In contrast, depuration at ambient temperature did not significantly reduce Vp
4

numbers either (Ren and Su, 2006). Holding oysters in a depuration tank treated with
ultraviolet light for 5 d at 7°C reduced Vp numbers by >3.0 log MPN/g with minimal loss
of live oysters (Phuvasate et al., 2012). A technical guide written by Lee et al. (2008)
provides an example of a HACCP plan using depuration as a method to reduce Vp
contamination. In this example, for this critical control point to be successful, live
shellfish must be held in a properly functioning depuration tank for at least 44 h with
seawater that is treated with at least 10mW/cm2/s UV light. In conclusion, depuration can
be a lengthy and expensive process due to of the length in treatment times (44 h – 5 d),
insufficient reduction levels of Vp (Baker, 2016) and implementation of refrigeration and
antimicrobial (ultraviolet light emitters, ozone generators) equipment.
Freezing oysters that were inoculated with Vp for six months at -10°C resulted in
a 4.55 log reduction in Vp (Muntada-Garriga et al., 1995). Unfortunately, the long
freezing times necessary to kill Vp negatively affects their sensory flavor, texture, and
appearance (ISSC, 2014). Most importantly, the freezing process kills the oyster, which
makes this intervention method unsuitable for live raw oysters.
Irradiation is an antimicrobial strategy that is effective at reducing Vp numbers in
live oysters without killing the oyster and is approved by the FDA (ISSC, 2014). Raw
refrigerated meats cannot exceed a maximum irradiation dose of 4.5 kGy (9 CFR
424.21). The main disadvantage of irradiation is the state regulations regarding interstate
transportation of irradiated foods (Baker, 2016). For example, if a shipment of oysters is
pre-labeled as “irradiated” and is being transported to an irradiation facility in another
state, that violates a federal law mandating products labeled as “irradiated” must be
irradiated before crossing over state lines (Baker, 2016). This is a common issue because
5

irradiation facilities are uncommon and the closest irradiation facility to oyster harvesting
sites may be in a neighboring state. Although choosing an irradiation facility in the same
state as oyster harvesting sites does not violate federal law, it may be impractical to
transport live oysters over long distances.
Thermal processing uses heat to destroy foodborne pathogens, including Vp. The
most common thermal processing method used to treat raw oysters is pasteurization
(Baker, 2016). However, even mild pasteurization treatments can cause unappealing
changes in sensory qualities of raw oysters (Grove et al., 2006).
High-pressure processing (HPP) uses hydrostatic pressure (200-700 MPa) to kill
bacteria, including Vp (Kural et al., 2008). Kural et al., (2008) achieved a 5 log reduction
in live oysters by applying ≥ 300 MPa for 2 min at 40°C. It is a popular antimicrobial
strategy used to kill Vp in raw oysters because HPP results in minimal moisture loss
(Baker, 2016), eliminates the laborious task of shucking oysters, and effectively kills Vp
cells (Muth et al., 2011). HPP is the predominant post-harvest practice used for oysters
harvested from the Gulf of Mexico (Muth et al., 2011).
The dilemma facing the raw oyster industry consists of incorporating a costeffective intervention strategy to effectively reduce Vp numbers while maintaining the
life and sensory qualities of the oyster. This emphasizes the importance of developing
new detection technologies to screen for pathogenic Vp before entering consumer
markets.
Throughout the food production chain, any food safety step can be compromised
and the pathogen can survive and grow (FDA Food Code 2009: Annex 3). Furthermore,
intervention programs help reduce contamination. However, it is especially difficult to
6

reduce Vp without compromising the sensory qualities of raw shellfish products. The last
defense against pathogens entering the consumer market is detection of pathogens that
persist through the food production chain. Sensitive molecular detection techniques are
available for screening pathogenic Vp, which can be expensive and time consuming.
Therefore, it is critical to design and implement a sensitive microbiological-based
detection method for V. parahaemolyticus in raw molluskan shellfish.
The first objective of this research was to evaluate urea hydrolysis, motility,
tdh/trh expression, and hemolytic activity at 24 and 48 h incubation time on Wagatsuma
blood agar in V. parahaemolyticus strains isolated from raw oysters. The second
objective was to determine urea hydrolysis, hemolysin expression, and hemolytic activity
in pathogenic and non-pathogenic V. parahaemolyticus strains. Ultimately, this study was
conducted to determine if urea hydrolysis can be utilized as a biomarker for detecting
pathogenic Vibrio parahaemolyticus in clinical and raw oyster isolates.

7

CHAPTER II
LITERATURE REVIEW
2.1

Vibrio parahaemolyticus
Unlike other common foodborne pathogens such as Salmonella and Escherichia

coli that were discovered in the 1800’s, V. parahaemolyticus was not discovered until
1950 (Fujino et al., 1953). V. parahaemolyticus was discovered by Tsunesaburo Fujino
after a severe food poisoning incident in Japan resulted in 272 illnesses and 20 deaths
(Fujino et al., 1953). The bacterial strain that was isolated from the infected individuals’
fecal samples was initially named Pasteurella parahaemolytica and was later changed to
Pseudomonas enteritis, a completely different genus (Joseph et al., 1982). In the 1960’s a
group of scientists reexamined the isolate responsible for the outbreak. Due to
advancements in technology, these scientists determined that the bacterium was of the
Vibrio genus and was subsequently named Vibrio parahaemolyticus (Shinoda, 2011). The
first V. parahaemolyticus outbreak reported in the United States occurred in 1971 as a
result of improperly cooked crab legs that infected 425 people in Maryland
(Letchumanan et al., 2014). Since then the frequency of Vibrio parahaemolyticus
outbreaks has steadily increased.
Because V. parahaemolyticus is halophilic, it can tolerate the high salinity of
marine environments. V. parahaemolticus can grow in salt concentrations of 0.5% to
10% (Colwell et al., 1984) while other gram-negative foodborne pathogens such as
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Campylobacter, Salmonella enterica, and E. coli O157:H7 are inhibited in mediums
exceeding 2% salt (Fraser, 1998; Vera, 2003). Most gram-negative foodborne bacteria
grow at a pH range of 6.5-7.5. Vp’s optimal pH range is 7.6-8.6 and can survive at a pH
of 11.0 (Mudoh et al., 2014); therefore, highly alkaline medias such as Alkaline Peptone
Water (pH of 8.6) are used to select for Vp because the growth of competing background
microorganisms is inhibited.
2.2

Epidemiology of Vibrio parahaemolyticus
Vibrio parahaemolyticus is an etiological agent of vibriosis as is V. vulnificus, V.

alginolyticus, and V. cholerae. This section will discuss the etiological agent and the
environmental and host risk factors that influence V. parahaemolyticus outbreaks.
The Centers of Disease Control and Prevention (CDC) defines a confirmed case
as “isolation of the organism from a patient’s stool” and a probable case as
“gastroenteritis in a person who can be epidemiologically linked to a confirmed case”. On
average, there are 215 confirmed cases every year. There is an estimated 4,500 cases of
V. parahaemolyticus infections each year in the United States. Approximately 142
unreported cases occur for every culture-confirmed case (Centers for Disease Control and
Prevention, 2013). In 2013, the incidence was 0.51 per 100,000 and an infectious dose is
100,000 CFU (Hoashi et al., 1990). Considering the average shucked oyster weighs
approximately 14 g and the maximum limit of V. parahaemolyticus set by the FDA is
10,000 CFU/g for raw oysters (MMWR, 1998), a person could become ill by ingesting a
single contaminated oyster that exceeds the FDA safety standards.
Research suggests that temperature is the most influential environmental factor
contributing to V. parahaemolyticus outbreaks. (Food And Agriculture Organization Of
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The United Nations, 2011) Worldwide, epidemic trends show that in temperate
seawaters, outbreaks are more common in warmer months; however, in tropical areas, V.
parahaemolyticus outbreaks occur throughout the year (FAO, 2011). In the United States,
70% of outbreaks occur from May through October (MMWR, 2006; DePaola et al.,
1998).
Optimal V. parahaemolyticus growth occurs in salinity levels between 1% and
3%. Salinity levels do not fluctuate dramatically in marine ecosystems. Current research
suggests that salinity has little effect on Vp outbreaks (Yeung and Boor, 2004; Hsiao et
al., 2016).
The optimal growth temperature range for V. parahaemolyticus is between 35°C
and 39°C (Jackson, 1974). Live oysters can experience temperature abuse before, during,
and after harvesting. A study conducted by Gooch et al. (2002) demonstrated how rapidly
V. parahaemolyticus multiplies at room temperature, “1,000 to 10,000 V.
parahaemolyticus CFU/g in live American oysters have been shown to increase 50-fold
(1.7 log CFU/g) and 790-fold (2.9 log CFU/g) at 26°C after 10 and 24 h post-harvest,
respectively”. This study illustrates the significance of temperature abuse prevention for
controlling Vp.
Raw oysters are the most common source of Vp infection in humans (Food And
Agriculture Organization Of The United Nations, 2011); consequently, the FDA
discourages the consumption of raw oysters during warmer months and requires
restaurants serving raw oysters to print a warning label on menus or other prominent
displays stating the associated risks (FDA, 2009). When cooked seafood is associated
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with vibriosis it is usually a result of inadequate cooking or cross contamination (Food
And Agriculture Organization Of The United Nations, 2011).
Vibrio parahaemolyticus can be found in shellfish, finfish, water, algae, and
sediment. The bacteria accumulates in the gastrointestinal tract of shellfish as they filter
feed algae, which drastically increases the concentration of bacteria in the animal
compared to the surrounding water (Iwamoto et al., 2010). The most common route of
infection in humans is oral ingestion of raw or undercooked seafood, but the bacteria can
also enter the body through open wounds that are exposed to contaminated water
(Centers for Disease Control and Prevention, 2016). The incubation period ranges from 4
to 96 h with an average incubation period of 15 h (Joseph et al., 1982). Symptoms of V.
parahaemolyticus infection include nausea, diarrhea, vomiting, and abdominal pain
(Hhlady and Klontz, 1996). In addition, 8% of Vp cases result in septicemia (Hhlady and
Klontz, 1996).
Infectivity and virulence depends on a number of host factors. Usually, healthy
individuals’ immune system can destroy the pathogen; however, immunocompromised
individuals are at a high risk of developing the disease and experiencing severe
symptoms or even death (Centers for Disease Control and Prevention, 2016).
Immunocompromised persons include those who are pregnant, elderly, young, or have
any preexisting medical conditions such as diabetes, liver disease, chronic alcoholism, or
high blood iron levels (Centers for Disease Control and Prevention, 2016). Although
treatment is usually unnecessary, infected persons that experience severe symptoms may
be prescribed antibiotics such as doxycycline, ciprofloxacin, or erythromycin. As a result
of experiencing only mild to moderate symptoms, the disease is often underreported.
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Although raw shellfish is not a commonly eaten food in the United States (Food
and Drug Administration, 2005), persons who consume raw oysters are 2.8 times more
likely to develop Vp-related gastroenteritis than non-oyster consuming persons. In a Vp
outbreak in 2013, 51.4% of infected persons reported eating raw oysters (Baker, 2016).
Although not directly a host risk factor, populations living in close proximity to coastal
regions where oysters are harvested such as the Gulf of Mexico and Pacific Norwest
regions are more likely to eat raw oysters consequently increasing the risk of developing
Vp-related gastroenteritis (Food and Drug Administration, 2015).
2.3

Pathogenicity Factors
Although Vibrio parahaemolyticus is the most common causative agent for

seafood-related food poisoning, most Vibrio parahaemolyticus strains are nonpathogenic. Moreover, ingesting seafood contaminated with pathogenic strains does not
always result in disease. However, pathogenic strains of Vibrio parahaemolyticus are
associated with certain characteristics. The expression of thermostable-direct hemolysin
(tdh) and thermostable-direct related hemolysin (trh), urease enzyme, Type III secretionsystems, and serotype affect the pathogenicity and virulence of Vp (Bisha et al., 2012;
Jones et al., 2012; Letchumanan et al., 2014;).
The primary pathogenicity factors associated with pathogenic Vp are the
expression of two heat-stable hemolytic proteins: thermostable-direct hemolysin (tdh)
and thermostable-direct related hemolysin (trh) (Honda et al., 1993). Although, tdh is
more associated with illness than trh (Honda et al., 1993). Hemolysins are proteins that
form pores in erythrocyte membranes resulting in the cell rupturing (lysis). All Vp
strains express thermolabile hemolysin (tlh), which is not associated with pathogenicity
12

but is used to identify Vp in molecular identification techniques such as PCR (Bisha et
al., 2012). Tdh and trh are protein toxins that target intestinal epithelial cells. They induce
cation permeability and causes chloride (Cl -) secretion in human colonic epithelial cells,
which disrupts osmotic balance (Shimohata and Takahasi, 2010). Consequently, the
colonic cells die and the fluid secretion results in watery diarrhea. Tdh and trh are known
to induce beta-hemolysis, complete destruction of red-blood cells, when cultured on
Wagatsuma blood agar, known as the “Kanagawa phenomenon” (KP) (Matsuda et al.,
2010). Individual colonies exhibiting beta hemolysis are surrounded by a clear halo that
indicates the presence of tdh or trh and potential pathogenicity. Tdh is present in 90% of
clinical samples; however, less than 1% of environmental and food samples test positive
for tdh (DePaola et al., 2003).
Outside the host, Vp may survive in low-nutrient environments by entering a
viable but nonculturable (VBNC) state. A viable but non-culturable state is defined as
lacking detectable growth but continues metabolic activity (Morita et al., 1988). Once
entering the host’s digestive tract, the dormant Vp cells encounter bile that enters the
bacterial cells and releases intracellular calcium [Ca2+]. Vp cells in low-nutrient
environments have shown to have high levels of intracellular calcium; therefore,
releasing the calcium from the cells may promote pathogenicity through changes in cellsignaling pathways and protein synthesis (Gangola and Rosen, 1987).
Iron is an essential element for the survival of most biological organisms because
iron is a cofactor for several metabolic processes such as electron transfer, nucleic acid
synthesis, and redox reactions (Tanabe et al., 2012). In coastal waters, iron concentrations
are sufficient to sustain Vp growth; however, iron availability in humans is very low
13

because iron is bound in protein complexes such as hemoglobin and myoglobin (LeónSicairos et al., 2015). In most bacterial pathogens, low iron levels trigger the expression
of virulence factors that procure iron from the host (Litwin and Calderwood, 1993). Iron
acquisition may be related to the expression of tdh and trh which provide access to ironrich proteins inside erythrocytes.
Urease is an enzyme that is produced by some bacteria species and is the primary
virulence factor for several human pathogens such as Helicobacter pylori and
Staphylococcus saprophiticus (Mobley, 2001). Urease catalyzes the hydrolysis of urea
(NH2)2CO into two ammonia (NH3) molecules and carbonic acid (HCO3) (Konieczna et
al, 2012) (Figure A.1). The increase in pH due to ammonia production neutralizes
stomach acids, thus preserving the life of acid-sensitive bacteria (Mobley, 1996).
Utilizing nutrients from the environment is essential for microorganisms to survive
(León-Sicairos et al, 2015). The ammonia produced by urea hydrolysis provides a
nitrogen source for amino acid synthesis (Mobley, 1996). Until recently, urease had not
been associated with Vp or its pathogenesis and has prompted scientists to research the
origin, function, and prevalence of urease in Vp (DePaola et al., 2003). Christensen’s
urea agar is commonly used to identify urea-hydrolyzing bacteria (Konieczna et al.,
2012). The ammonia produced during urea hydrolysis raises the pH of the medium,
changing phenol red from pale pinkish orange to magenta at a pH of 8.1 (Sagar Aryal,
2015) (Figure A.1). Bacteria that do not produce urease will decrease the pH due to acid
production, which turns the media yellow.
Current research indicates a correlation between pathogenic strains of V.
parahaemolyticus and the presence of Type III secretion-systems (Coburn et al, 2007).
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Type III secretion systems (T3SS) are needle-shaped protein complexes in many
pathogenic gram-negative bacteria that survey the surrounding environment for
eukaryotic cells. Once the eukaryotic cells are found, the bacteria secrete proteins directly
into the cell’s cytoplasm, thus triggers a cascade of cellular malfunctions that ultimately
helps preserve the pathogen’s life inside the host cell (Coburn et al, 2007).
Like V. cholerae, Vp’s genome consists of two circular chromosomes; however,
V. cholerae does not have the T3SS genes (Makino et al., 2003). Vp has two T3SS genes
named T3SS1 and T3SS2, which are located on chromosome one and chromosome two,
respectively. T3SS1 is present in all Vp isolates and is associated with cytotoxicity (Jones
et al., 2013). T3SS2 is involved with enterotoxicity, is surrounded by two tdh genes, and
is only found in KP+ strains (Okada et al., 2009). Interestingly, T3SS2 and tdh are found
in the same pathogenicity island on chromosome two of KP+ strains. Pathogenicity
islands are genetic regions acquired through horizontal gene transfer that contain genes
involved in pathogenesis and are only found in pathogenic strains (Sugiyama et al.,
2008). This characteristic is significant for identifying and understanding virulent strains.
Although Vibrio parahaemolyticus has many serotypes, serotypes O3:K6,
O4:K68, and O1:K untypeable are the most virulent and have been associated with
several outbreaks (Jones et al., 2012).
2.4

Detection and Identification of Vibrio parahaemolyticus
There are biochemical, microbiological, molecular, and serological methods that

are used to detect and identify Vp. In the United States, three methods are employed for
isolating and enumerating Vp from food and the environmental (Kaysner and DePaola,
2004). The most common is Most-Probable-Number (MPN) (Kaysner and DePaola,
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2004). MPN is a useful technique because it does not require expensive machinery and
does not require experienced technicians. The other two methods that are used include
membrane filtration using a hydrophobic grid membrane filter (Entis and Boleszczuk,
1983) and DNA probes (McCarthy et al., 2000).
The Analytical Profile Index (API) 20E (BioMerieux, France) is a standard
biochemical method that is used to rapidly identify gram-negative bacteria. It is a small
strip comprised of 20 biochemical tests containing dehydrated substrates. A
microbiological culture sample is suspended in a buffer solution provided in the kit and
transferred to each biochemical microtube. The kit is then incubated overnight and the
results can help identify the bacterium by searching for the particular biochemical pattern
in a database.
Although API 20E is useful for identification, scientists agree that it does not
accurately identify V. parahaemolyticus because the results vary between strains when all
strains should share the same biochemical profile (Martinez-Urtaza et al., 2006). In a
study conducted by Osawa et al. (1995), API 20E did not detect urea hydrolysis in V.
parahaemolyticus strains while Christensen’s urea agar tested positive for urea
hydrolysis. Therefore, API 20E is unreliable for identifying pathogenic and nonpathogenic V. parahaemolyticus. Most research and food safety laboratories prefer using
microbiological culture methods for confirming a pathogen in food products (Jones et al.,
2012). However, molecular identification techniques such as Real-time (RT)-PCR,
conventional PCR, DNA probes, and loop-mediated isothermal amplification (LAMP)
are becoming more widely used due to their specificity for detecting pathogenic Vp
(Jones et al., 2012). However, most molecular detection procedures use expensive
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machinery and materials in addition to requiring trained personnel to conduct the
procedures.
Although there are many molecular methods with high sensitivity and selectivity
for detecting tdh and trh, some are not recognized as standard methods by the Food and
Drug Administration (FDA) (Food and Drug Administration, 2016). A study conducted
by Blackstone et al., (2003) reported that out of 131 oysters harvested from Alabama,
RT-PCR detected tdh in 61 samples while the non-radioactive DNA probe only detected
tdh in 15 samples. RT-PCR has been shown to be more sensitive than non-radioactive
DNA probes; however, RT-PCR is still undergoing validation processes to be
implemented as an FDA approved procedure for screening pathogenic Vp (Food and
Drug Administration, 2016). Although RT-PCR is highly sensitive for detecting
pathogenic Vp, the cost of the equipment ($23,000 for new PCRmax Eco 48 Real Time
qPCR System) and the specialized expertise needed may not be practical for food
laboratories to utilize PCR for routine testing.
DNA probes utilize the specificity of DNA nucleotide sequences to detect a target
DNA sequence or gene (Raven, 2008). Unlike PCR, DNA probes do not amplify the
target DNA since there is no temperature cycling. DNA probes can detect tlh and tdh and
are specific enough to detect pathogenic Vp from environmental samples (Bisha et al.,
2012). DNA probing is a Food and Drug Administration (FDA) approved method in the
Bacteriological Analytical Manual (BAM). However, preparatory culturing procedures
can make the screening process too slow (Bisha et al., 2012).
Conventional PCR is commonly used to verify the presence of pathogenic Vp in
suspicious colonies on thiosulfate-citrate-bile salts-sucrose (TCBS) agar and is an
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approved method by the FDA BAM. PCR is applied at the end of the Vp isolation
process where individual colonies have been separated and cultured from the original
sample. PCR can be used to identify overall and pathogenic Vp in environmental
samples. The FDA describes a procedure for multiplex PCR where the forward and
reverse primers for tdh, trh, and tlh are combined in a cocktail of DNA polymerase,
nucleotides, and magnesium chloride. Although multiplex PCR provides more rapid
results than simplex PCR (Law et al., 2014), there are some drawbacks (Bisha et al.,
2012): PCR (simplex and multiplex) requires highly skilled personnel to perform the
procedure; the quality of colony isolation and separation affect the sensitivity of PCR,
making it possible that low cell numbers will not be detected. Primer development is
critical to selective and successful multiplex PCR results. This is because primers need to
have similar annealing temperatures and primers for different genes that have very
similar target genomic sequences that may cross-react and yield misleading results (Law
et al., 2014).
Loop-mediated isothermal amplification (LAMP) is a relatively novel technology
that was developed in 2000. It is an inexpensive, rapid, and specific procedure, which
amplifies DNA using four primers and can produce 109 replicate DNA strands in one
hour (Notomi et al., 2000). Unlike conventional PCR, LAMP is isothermal and therefore
does not require a thermocycler, which reduces analytical costs. The LAMP procedure is
similar to PCR so it requires experienced technicians (Bisha et al., 2012). In addition,
LAMP is highly dependent on the separation, isolation, and enrichment methods of
preliminary microbiological culture methods (Bisha et al., 2012). LAMP can detect tdh,
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trh, and tlh in environmental and clinical samples (Bisha et al., 2012; Yamazaki et al.,
2010).
In conclusion, molecular techniques are highly specific and sensitive for detecting
pathogenic Vp; however, PCR, RT-PCR, LAMP, and DNA probes require
microbiological culturing preparation prior to the procedure. Therefore, while the test
themselves provide rapid results such as the one-hour LAMP detection method; food
scientists must consider the time required to prepare samples prior to undergoing
molecular detection. Developing a sensitive biochemical or microbiological method to
detect pathogenic Vp in raw oysters would reduce expenses and produce faster results
since biochemical and microbiological methods could be incorporated into the
conventional FDA BAM Vp procedure. Ultimately, a novel rapid detection method based
on biochemical or microbiological principles would decrease pathogenic Vp screening
time, which could potentially reduce the number of Vp outbreaks.
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CHAPTER III
MATERIALS AND METHODS
3.1
3.1.1

Experiment I- Comparison of hemolytic activity, tdh/trh expression, urease
production, and motility in raw oyster Vp isolates
Sample Preparation
Live oysters were purchased from wholesale and retail markets in Starkville and

Biloxi, Mississippi and Memphis. The oysters purchased in Starkville and Biloxi were
harvested from the Atlantic Ocean and the Gulf of Mexico, respectively. The harvest site
is unknown for oysters purchased from wholesale and retail markets in Memphis.
Twenty-eight oyster sets (6 -12 oysters/set) were analyzed with 21 sets from the Atlantic,
4 sets from the Gulf of Mexico, and 3 sets from unknown sources. Oysters were stored at
4°C for a maximum of one week. On a sterilized bench surface, 6 to 12 oysters (one set)
were shucked using a screwdriver that was flame sterilized with 70% alcohol. Oysters
were shucked into a 1.627L Whirl-pak® stomacher bag (Fisher) and stomached manually
for 60 s. Out of the 28 sets of oysters that were analyzed (Table 3.1), 8 tested positive for
Vibrio parahaemolyticus (Vp) after PCR validation. The Vp isolated from these oyster
sets were collected during a preliminary experiment and the oyster samples were stored at
-10°C. The Vp positive frozen oyster sets were used in this experiment to test for urease
(Table 3.1).
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Table 3.1

Samples Identified as Vibrio parahaemolyticus Positive (+) and Negative
(-) from Live Oysters in a Preliminary Experiment and from Apalachicola,
FL

Sample ID Date
Source
Vp
1
2/10/16
Mid-Atlantic
2
2/13/16
Mid-Atlantic
3
2/18/16
Mississippi Gulf of Mexico
+
4
2/25/16
Mid-Atlantic
5
2/25/16
Mid-Atlantic *
6
2/29/16
Mississippi Gulf of Mexico
+
7
3/1-/16
Mid-Atlantic
8
3/1-/16
Mid-Atlantic *
+
9
3/16/16
Unknown
10
3/17/16
Mid-Atlantic
+
11
3/17/16
Mid-Atlantic *
12
4/1/16
Mid-Atlantic
13
4/1/16
Mid-Atlantic *
+
14
4/5/16
Unknown
+
15
4/11/16
Mid-Atlantic
16
4/11/16
Mid-Atlantic *
17
4/18/16
Mid-Atlantic
18
4/18/16
Mid-Atlantic *
19
4/25/16
Mid-Atlantic
20
4/25/16
Mid-Atlantic *
21
5/6/16
Mississippi Gulf of Mexico
+
22
5/12/16
Mid-Atlantic
23
5/12/16
Mid-Atlantic *
#
24
5/12/16
Mississippi Gulf of Mexico
+
25
5/19/16
Mid-Atlantic
26
5/19/16
Mid-Atlantic *
+
#
27
5/19/16
Mid-Atlantic
+
28
5/25/16
Unknown
+
$
29
6/15/16
Florida Gulf of Mexico
+
30
6/22/16
Florida Gulf of Mexico$
+
*Second set of live oysters processed
#
Third set of live oysters processed
+
Oysters purchased from retail and wholesale markets in Memphis with unknown harvest
site
$
Oysters harvested from Apalachicola, FL
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Frozen oyster samples were thawed at room temperature on the laboratory bench
in a plastic container that was sterilized with 70% ethanol. One gram of homogenate was
transferred from the Whirlpak® stomacher bag into sterile capped 18 mm test tubes
(Fisher) that contained 9 mL of alkaline peptone water (APW). The tubes were incubated
overnight at 37°C. Enriched samples were streaked onto Thiosulfate-citrate-bile saltsucrose (TCBS) agar (Difco) and urea agar (UREA) using sterile disposable loops
(Fisher). Three plates of TCBS and UREA were inoculated from each sample. The
inoculated UREA plates were then placed into an anaerobic chamber containing three BD
GasPak™ EZ Anaerobe Container system sachets (Fisher). The screw lid was tightly
closed and incubated at 37°C for 24 h. TCBS plates were incubated at 37°C for 24 h in
aerobic conditions. On UREA, pink coloration indicated urea hydrolysis occurred and
was recorded as positive for urea hydrolysis (Figure 3.1). Yellow UREA plates were
recorded as negative for urea hydrolysis. Two clean UREA plates were used as negative
controls that were placed inside and outside the chamber. The purpose of the negative
controls was to verify the color change was due to bacterial growth. Green colonies on
TCBS agar were considered presumptive positives for Vp (Figure 3.1).
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Figure 3.1

Results for TCBS and UREA After 24 Hr Incubation Time With Primary
Enrichment

Enriched sample inoculated onto TCBS and UREA shows presumptively positive Vp
colonies due to green colony formation and pink color development, respectively. The
pink color indicates potential pathogenicity
Three Vp-positive frozen oyster samples (Samples 6, 24, and 26) did not grow on
UREA or TCBS so urea hydrolysis could not be determined and strains could not be
isolated (Table A.1). Strains collected from sample 6 in a preliminary experiment were
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used to test for hemolysis and motility. Two additional live oyster sets (Samples 29 and
30) were harvested from Apalachicola, FL and analyzed making 30 total oyster sets
analyzed with 8 Vp positive samples (Table 3.1).
3.1.2

Urea Agar
Dr. Taejo Kim at Mississippi State University developed urea agar media (UREA)

to detect urea hydrolyzing Vp strains (Kim et al., 2015). UREA was prepared by boiling
3% sodium chloride, 0.1% peptone, and 1% agar in distilled water until agar was
completely dissolved. After boiling, 1% urea, 0.5% bile salts (Oxoid™, Hants, UK) and
0.0125% of 1% phenol red sodium salt stock solution was added. The media was stirred
until all ingredients were dissolved. When the media was cooled to a range of 48°C to
55°C, it was poured into sterile petri dishes. The media was stored upside down in plastic
gallon Ziploc bags at room temperature for up to one week.
3.1.3

Thiosulfate-Citrate-Bile Salts-Sucrose Agar Differential Media
Thiosulfate-Citrate-Bile Salts-Sucrose Agar (TCBS) is a selective media for

differentiating Vibrio spp. (Kaysner and DePaola, 2004). TCBS (Difco) was used to
identify suspicious Vp colonies, which are green on TCBS. TCBS agar (89g/L) was
mixed with distilled water and boiled until agar granules were completely dissolved.
Once cooled to 48-55°C, the media was poured into petri dishes and stored upside down
in plastic gallon Ziploc bags at room temperature for up to one week.
3.1.4

Colony Isolation and Culturing
After incubation at 37°C for 18-24 h, three suspicious Vp colonies were

transferred from each presumptive positive TCBS and UREA petri dish to a sterile 9624

well plate containing 150µL of APW. Plates were then incubated overnight at 37°C for
18-24 h. Turbid wells indicated that the isolates were growing and were ready to undergo
PCR. A total of 139 strains were tested in this experiment: 134 oyster isolates and five
clinical isolates from Experiment II. The five clinical isolates included three highly
virulent FDA pathogenic strains (1 FDA, 5 FDA, and 6 FDA) and two non-pathogenic
Korean strains (18K and 20K) that were used as positive and negative controls,
respectively. The day prior to the inoculation, Vp strains were transferred to a fresh 96well plate containing 150 uL of APW using a 48 pin multi-blot inoculator (Fisher
Scientific, PA, USA). The pins were sterilized using 70% ethanol, flamed over a Bunsen
burner, and then cooled for 30 s before transferring the stocks to the fresh plate. Fresh
plates were incubated overnight at 37°C prior to conducting hemolysis and motility tests.
3.1.5

Verification of tlh, tdh, and trh expression using Polymerase Chain
Reaction
PCR was used to identify tlh, tdh, and trh expression. Sterile 1.5mL graduated

microtubes (United Laboratory Plastics) were filled with 100 µL of autoclaved distilled
water and 50 µL of bacterial suspension from the 96-well plate. The 1.5 mL tubes were
vortexed and then boiled for 5 min to extract the DNA. Tubes were then centrifuged
(Eppendorf 5415 C, Hamburg, Germany) for 5 min at 14,000 RPM. Each sample
contained a master mix cocktail consisting of 25µL of GoTaq Green Master Mix
(Promega, Madison, Wisconsin), 21.6µL of Nuclease Free Water (Promega), 1.2µL of
forward primer (Sigma) and 1.2 µL of reverse primer (Sigma). The DNA sequence of the
primers that were used in this study are shown in Table A.2. Samples were analyzed
separately for tlh, tdh, and trh expression as opposed to multiplex PCR where all primers
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are added together. Forty-nine microliters of master mix cocktail was aliquoted into 0.2
mL PCR microtubes (Fisher). Lastly, 1µL of DNA was added into each PCR microtube
and then loaded into a thermocycler (Eppendorf Mastercycler Gradient, Hamburg,
Germany). Initial denaturation was at 94°C for 3 min followed by 25 cycles of 94°C for 1
min, 60°C for 1 min, 72°C for 2 min, and a final elongation step of 72°C for 3 min
(Kaysner and DePaola, 2004).
Gel electrophoresis was performed using Mupid-exU Submarine Electrophoresis
System (Takara Bio USA, Inc., Shiga, Japan) on the finished PCR products to visualize
the DNA. Gels were made using 1% electrophoresis grade agarose (Promega) and 0.5X
TAE (Tris-acetate-EDTA) buffer. Agarose and buffer were placed in a 125 mL
Erlenmeyer flask and microwaved in 15 sec intervals until all agar granules were
completely dissolved. The media was cooled to 50°C, and 5µL of ethidium bromide
(Fisher) was added and gently mixed. The solution was poured into a 60 mL gel
electrophoresis cassette (Takara) that contained two 13-well plastic prong molds and
cooled to 27°C. The solidified gel cassette was placed into the electrophoresis transfer
system and the prongs were removed. If needed, additional 0.5X TAE buffer was poured
into the transfer system until the buffer level rose above the gel. Then 5 µL of 100-1000
base pair DNA ladder (Promega) was loaded into the first well of each row and 6 µL of
PCR product was loaded into the remaining wells. The gel was ran at 100 V for 20 min.
Afterwards, the DNA was visualized under 258 nm ultraviolet light and photographed.
DNA bands at 450, 270, and 500 bp identified the presence of tlh, tdh, and trh,
respectively (Kaysner and DePaola, 2004).
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3.1.6

Hemolysis and Motility Tests
Vibrio parahaemolyticus strains isolated from APW enriched samples were

streaked from 96-well stock plates onto Wagatsuma blood agar and incubated at 37°C.
Wagatsuma blood agar was made according to the formulation of HiMedia Laboratories,
which consisted of 0.3% yeast extract (Fisher), 1% peptone (beef extract, Difco), 7%
sodium chloride, 0.5% dipotassium phosphate (Fisher), 1% mannitol (Sigma), 0.0001%
crystal violet (Fisher), 1.5% agar, and 2% human red blood cells (Interstate Blood Bank,
Inc; Memphis, TN). All ingredients excluding red blood cells were boiled in a flask
containing distilled water until the agar had completely dissolved. Once the media cooled
to 50°C the human red blood cells were transferred to the media using a sterile disposable
25 mL pipette (Fisher Scientific, Hampton, New Hampshire) under a biological safety
cabinet to avoid contamination. The media was mixed thoroughly and poured into sterile
petri dishes. The finished plates were used within 48 h. The human red blood cells were
stored at 4°C for up to one month as per the provider’s recommendation. Strains were
streaked onto prepared Wagatsuma blood agar and incubated at 37°C. The hemolytic
activity was recorded after both 24 and 48 h incubation time. Plates with clear halos
around individual colonies were positive for beta-hemolysis (Figure 3.2 below) while
plates with colonies without halos were negative for hemolytic activity (Figure 3.3) (see
glossary; APPENDIX B). Some strains exhibited incomplete “alpha” hemolysis around
large clusters of colonies or partial hemolysis around a single colony. Alpha-hemolysis is
not true hemolysis and is not associated with pathogenicity (Figure 3.4) (Miyamoto,
1969). Therefore, strains exhibiting alpha-hemolysis were categorized as negative for
hemolysis.
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Figure 3.2

Highly Virulent Strain 2 FDA Beta-Hemolysis at 24 h on Wagatsuma
Blood Agar
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Figure 3.3

Non-pathogenic (KP -) Korean Strain (18K) after 24 h incubation on
Wagatsuma Blood Agar
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Figure 3.4

Alpha-hemolysis on Wagatsuma Blood Agar at 24 h Incubation Time

No clear halos around individual colonies indicating incomplete “alpha” hemolysis.
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Motility tests were performed to observe the strains’ ability to move throughout
the medium. Motility tests were conducted using the Thermofisher Scientific® protocol
for motility test medium with 2,3,5-Triphenyltetrazolium chloride (TTC) (Matheson
Coleman and Bell, Inc., East Rutherford, New Jersey). The media consisted of 1%
peptone, 0.5% sodium chloride, 0.3% beef extract, 0.4% agar, and 0.005% TTC.
Ingredients were placed into an Erlenmeyer flask and mixed with deionized water. The
media was boiled until agar granules completely dissolved and was cooled to around
50°C. At 50°C, the pH was adjusted to 7.2 ± 0.2 using an Accument basic pH meter
(Fisher Scientific, Hampton, New Hampshire) and 10 mL was dispensed aseptically into
sterile capped 18 mm propylene test tubes. Once the media inside the tubes had solidified
and cooled completely, they were inoculated with the Vp strains. A metal inoculation
needle was used to penetrate the motility media. The needle was flamed over the Bunsen
burner until it turned bright orange and then was allowed to cool for 30 s. The needle was
dipped into the well in the 96-well plate. The needle was inserted into the top of the
motility test tube and was inserted until the needle was 0.5 inches from the bottom of the
tube. Care was taken to not move the needle away from the stab line during inoculation.
Motility tests were recorded as positive if a red color permeated away from the
stab line (Figure 3.5). This indicated that the strain moved throughout the media. In nonmotile strains, the bacteria did not grow away from the stab line and was therefore
considered a negative result.
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Figure 3.5

Example of Positive and Negative Motility Test

The red color radiating from the stab line indicates a positive motility test.
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3.2
3.2.1

Experiment II- Comparison of hemolytic activity, tdh/trh expression, and
urease production in pathogenic and non-pathogenic Vp strains
Vibrio parahaemolyticus Strains
Forty-nine Vp strains with varying pathogenicity biotypes were analyzed in this

experiment. The Food and Drug Administration Seafood Laboratory in Dauphin Island
graciously provided six highly virulent strains. Fourteen non-pathogenic strains were of
Korean origin, five strains were pathogenic strains isolated from oysters, and twenty-four
were clinical isolates. Strains were stored in 2.5mL culture vials that consisted of 50%
glycerol stock solution and 50% Alkaline Peptone Water (APW) at - 70°C. APW was
formulated with 1% peptone (Difco Laboratories, Detroit, Michigan) and 1% sodium
chloride (Fisher Scientific, Hampton, New Hampshire) that was dissolved in deionized
water and sterilized in an autoclave at 121°C under 15 psi for 15 min and cooled to 50°C
prior to use. When ready for use, strains were thawed at ambient temperature on a lab
bench and inoculated into a sterile 96-well polystyrene flat bottom assay plate (Corning
Life Sciences, Inc., Durham, North Carolina) that contained 150µL of APW. The
inoculated plates were incubated overnight at 37°C. After incubation, inoculated plates
were stored in plastic bags and placed on the lab bench for up to three weeks.
3.2.2

Urea hydrolysis test
Christensen’s urea agar (CUA) was used to determine the presence of the urease

enzyme. CUA was formulated with 0.1% peptone, 0.1% dextrose (Sigma-Aldrich, St.
Louis, Missouri), 0.5% sodium chloride, 0.2% monobasic potassium phosphate (Fisher),
2% urea (Fisher), 1.5% agar (Difco), and 0.0012% phenol red sodium salt (Fisher)(BAM,
2015). The ingredients, excluding urea and phenol red, were boiled until agar was
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completely dissolved and urea and phenol red were added after boiling. The media was
mixed thoroughly and cooled to approximately 50°C. The media was poured into sterile
polystyrene petri dishes (United Laboratory Plastics, Fenton, Missouri) under sterile
condition and stored at room temperature for up to one week. Strains were inoculated
onto CUA and incubated for 24 h at 37°C. Pink colored plates were recorded as positive
for urea hydrolysis and yellow plates were recorded as negative.
3.2.3

Polymerase Chain Reaction
PCR was performed on presumptive positive Vp colonies to verify whether the

suspect colonies were Vp by tlh expression and to identify tdh and trh expression. The
PCR procedure and materials were the same as Experiment I.
3.2.4

Hemolysis test
Strains were streaked onto Wagatsuma blood agar to observe hemolytic activity

as related to tdh and trh expression and incubated at 37°C. Wagatsuma blood agar was
made using the same protocol at Experiment I. At 24 and 48 h incubation time, the
hemolytic activity was recorded. A plate with clear halos around individual colonies was
recorded as positive (Figure 3.2) for hemolytic activity while plates with colonies without
halos were negative for hemolytic activity (Figure 3.3)
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CHAPTER IV
RESULTS AND DISCUSSION
4.1

Experiment I- Comparison of hemolytic activity, tdh/trh expression, urease
production, and motility in raw oyster Vp isolates
In a preliminary experiment (data not shown), two methods were used to test for

urease activity to assess if primary enrichment was necessary to identify presumptive Vp
colonies on urea agar (UREA). If the oyster homogenate could be directly plated onto
UREA, then potential pathogenic Vp strains could be detected within 24 h. The first
method consisted of spread plating 100 µL of the thawed oyster homogenate onto UREA.
The second method consisted of streaking from the sample incubated overnight in a
sterile capped 18mm test tube that contained 1g of oyster homogenate in 9 mL of alkaline
peptone water (APW) onto UREA. Colonies grown using the direct spread plating
method did not show clear pink color development and pink colonies isolated from direct
spread plating often resulted negative when conducting PCR confirmation tests (Figure
4.1). When samples 29 and 30 (Table 3.1) were enriched in APW overnight, there were
1/12 and 0/5 false negatives for tlh expression after PCR confirmation, respectively (data
not shown). In contrast, PCR analysis of colonies isolated from samples 29 and 30 using
the direct spread plating resulted in 7/12 and 5/5 false negatives for tlh expression,
respectively (data not shown). Oyster samples that were incubated overnight in APW
displayed prominent pink color development that was indicative of urea hydrolysis
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(Figure 3.1); therefore, primary enrichment was necessary for sufficient urea hydrolysis
to occur.

Figure 4.1

Results for Urea Hydrolysis at 24 h Incubation Time Without Primary
Enrichment.

The urea hydrolyzing colonies growing without primary enrichment in APW show
substantially less pink color development than with primary enrichment.
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Data patterns comparing urea hydrolysis (uh), motility, hemolysin expression
(tdh/trh), and hemolytic activity were analyzed at 24 and 48 h incubation time on
Wagatsuma blood agar (Table 4.1). Two out of seven of the oyster samples exhibited
urea hydrolysis on UREA. Although the Biloxi and Apalachicola samples were collected
from the Gulf of Mexico, only the two from Apalachicola were positive for urease. The
samples collected from Apalachicola were harvested during June 2016, having higher
average water temperature (28.5°C) than the oysters harvested from Biloxi, MS in May
(24.5°C). It appeared that higher water temperature might have been responsible for
urease activity (Table 4.2). After the completion of this experiment, two additional sets of
oysters were harvested from Biloxi, Mississippi in July 2016 and analyzed. Both of these
sets were negative for urease activity even though the sea temperature sustained warmer
average temperatures than Apalachicola in June 2016 (Table 4.2). Although Apalachicola
and Biloxi experienced the same maximum temperature in June and July, Biloxi had
consistently higher sea temperatures during July than Apalachicola in June. Therefore, it
may have been that the location of the oyster beds was more influential on urease activity
than water temperature. Kaysner et al. (1994) reported that 58% of environmental
samples obtained from the Willapa Bay estuary in the state of Washington were uh+
while only 6% of samples obtained from two other estuaries within the same state were
uh+. The large disparity suggests that urea hydrolysis may be highly affected by
individual ecosystems and specific environmental conditions.
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Table 4.1

Results for Urea, Motility, and Hemolysis at 24 and 48 h Incubation for
Raw Oyster Isolates from a Preliminary Experiment and Apalachicola, FL

Sample
ID

Hemolysis
24h

Hemolysis
48h

Motility

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

+
+

+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
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Sample
Date

Source

2/18/16

Mississippi
Gulf of
Mexico

2/29/16+

Mississippi
Gulf of
Mexico

3/17/16

MidAtlantic

Table 4.1 continued
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

+
+
-

+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
39

4/5/16

Unknown*

4/20/16

Unknown*

5/6/16

Mississippi
Gulf of
Mexico

Table 4.1 continued
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111

+
-

+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
40

5/25/16

6/15/16

$

Unknown*

Florida
Gulf of
Mexico#

Table 4.1 continued
112
+
113
+
114
+
+
115
+
116
+
117
+
118
+
119
+
120
+
121
+
122
+
Florida
123
+
6/22/16$
Gulf of
124
+
Mexico#
125
+
126
+
127
+
128
+
129
+
130
+
131
+
132
+
133
+
134
+
135
+
+
+
Pathogenic
1/12/14
Clinical
136
+
+
+
Strains
137
+
+
+
138
+
8/2/14
Korea
139
+
* Oysters purchased from retail and wholesale markets in Memphis with unknown
harvest site
+
Urease could not be determined because no bacteria recovered from frozen oyster
homogenate. Vp strains isolated from this sample in a previous experiment were used for
hemolysis and motility tests
#
Oysters harvested from Apalachicola, FL
$
Oyster samples that tested positive for urease on UREA

41

Table 4.2

Seawater Temperatures for Biloxi, MS and Apalachicola, FL in 2016

Seawater Temperature (°C)
Minimum Average Maximum
May
Biloxi
23.0
24.5
26.0
June
Apalachicola
27.0
28.5
30.0
July
Biloxi
29.0
29.5
30.0
See (www.seatemperature.org) Accessed October 3rd, 2016
Month

Location

Since tdh and trh were not detected in the raw oyster Vp isolates, no hemolytic
activity should have been observed on Wagatsuma blood agar. However, several strains
exhibited hemolysis at 24 h and more so at 48 h. Hemolysis characteristics included no
hemolysis and beta “true” hemolysis (see glossary, APPENDIX B). The hemolytic
characteristics of Vp strains that were isolated from urease positive (uh+) samples were
compared to urease negative (uh-) samples to observe any patterns for hemolysis,
incubation time, and urea hydrolysis (Table 4.3, Table 4.4). Overall, no uh+ strains and
5% of uh- strains exhibited beta-hemolysis at 24 h.
Table 4.3

Hemolysis at 24 and 48 h for uh+ Raw Oyster Vibrio parahaemolyticus Isolates
Incubation Time

Hemolysis Score

24 Hours

48 Hours

Negative

41

36

Positive

0

5

Total Number of Strains

41

41

Table 4.4

Hemolysis at 24 and 48 h for uh+ Raw Oyster Vibrio parahaemolyticus Isolates
Incubation Time

Hemolysis Score

24 Hours

48 Hours

Negative

88

76

Positive

5

17

Total Number of Strains

93

93
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At 48 h, about 12% of uh+ strains and 18% of uh- strains exhibited hemolysis at
48 h (Table 4.3, Table 4.4). Several non-pathogenic Vp strains that were isolated from
raw oysters resulted in false positives on Wagatsuma blood agar at 48 h incubation time
regardless of urease activity. The results suggest that 48 h incubation time on Wagatsuma
blood agar may not be reliable for identifying pathogenic Vp strains based on tdh and trh
expression.
Gutierrez West et al. (2013) reported that environmental Vp isolates that were
incubated up to 48 h showed hemolytic activity on Wagatsuma blood agar. This was
compared to tdh, trh, and tlh expression and swarming motility. However, because they
did not indicate the incubation time for each strain, the true hemolytic activity from tdh
and trh expression could not be determined. The study reported that almost all strains
were positive for beta-hemolysis; however, this could be due to the beta-hemolytic
activity of tlh after the maximum incubation time of 24 h.
Results from this experiment indicate that incubating Vp strains longer than 24 h
on Wagatsuma blood agar may lead to false positives due to tlh-induced hemolysis.
Wagatsuma blood agar may not be reliable for detecting pathogenic non-clinical Vp
strains because several non-pathogenic raw oyster Vp isolates exhibited hemolytic
activity regardless of tdh or trh expression. The highly virulent strains (1 FDA, 5 FDA,
and 6 FDA) exhibited beta-hemolysis at 24 and 48 h, were positive for motility, and were
urease positive (Table 3.1). The non-pathogenic Korean strains (18K and 20K) did not
exhibit hemolysis at 24 h but 18K exhibited hemolysis at 48 h. Both were motile and
urease negative.
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All strains isolated from urease positive samples and 91 out of 93 urease negative
strains exhibited motility. The cause of this result remains unclear and requires further
study. Interestingly, motility production was independent of whether the strain was of
clinical or oyster origin. These results concur with a study conducted by Mahoney et al.
(2010) in which environmental and clinical Vp strains showed similar motility
production. The particularly virulent Vp serotype O3:K6 exhibits enhanced swarming
motility compared to other pathogenic serotypes and V. cholerae strains that exhibited
high motility also express more virulence-associated genes (Yeung et al., 2002).
Although increased swarming motility is found in the O3:K6 clonal group, it may not be
a reliable indicator for predicting pathogenicity because non-pathogenic and clinical
isolates exhibit similar characteristics.
There was no tdh or trh detected in raw oyster Vp isolates. Only 1% of
environmental and food samples test positive for tdh and trh, which complicates
screening harvest sites for pathogenic genes (DePaola et al., 2003). Although the reason
for low detection of tdh and trh in the environment is not well understood, Pace et al.
(1997) postulated that bile could have an effect on tdh and trh expression. The authors
reported that bile promoted virulence factors of Kanagawa phenomenon positive (KP+)
environmental Vp strains. Furthermore, the low number of pathogenic strains in the
environment may be naturally selected because bile inhibits non-pathogenic strains. In
addition, Pace et al. (1997) demonstrated that KP+ Vp strains that were incubated on
media with bile or sodium deoxycholate, another bile salt, had enhanced iron binding and
adhesion to epithelial cells, which is necessary to survive and cause disease. This could
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explain why tdh and trh are difficult to find in the environment and food samples, but are
usually isolated from the feces of infected persons.
4.2

Experiment II – Comparison of hemolytic activity, tdh/trh expression, and
urease production in pathogenic and non-pathogenic Vp strains
Data patterns between urea hydrolysis (uh), hemolysin expression (tdh/trh), and

hemolysis were analyzed. One of the 24 pathogenic clinical strains that were analyzed did
not exhibit any pathogenicity characteristics and was analyzed as a non-pathogenic strain
(Table 4.5). For pathogenic strains, 85% of uh +, tdh and/or trh + strains exhibited
hemolysis on Wagatsuma blood agar at 24 h (Figure 4.2). Although those 20 strains
expressed at least one pathogenic hemolysin and urease (Table 4.5), three false negatives
for tdh/trh expression were found on Wagatsuma agar after 24 h incubation.
Approximately 59% of uh+ pathogenic strains expressed tdh and/or trh; therefore, not all
pathogenic clinical isolates expressed tdh or trh, the primary pathogenicity factors.
Approximately 17% of strains that were uh +, tdh/trh - exhibited hemolysis at 24 h,
which was most likely due to tlh expression and is not associated with pathogenicity. At
24 h, 71% of tdh+, uh- strains and 80% of tdh+, uh+ exhibited hemolysis. All uh+, trh+
strains exhibited hemolysis at 24 h. All highly pathogenic clinical strains provided by the
FDA Seafood Laboratory in Dauphin Island were uh+, tdh+, and 4/6 strains were trh+
(Table 4.5), which all exhibited hemolysis at 24 h.
Table 4.5

Sample
1B
1C

Results for Urea Hydrolysis, tdh/trh Expression, and Hemolysis at 24 and
48 h Incubation time for Pathogenic and Non-pathogenic Clinical Vibrio
parahaemolyticus Strains
Urea
+

TDH
+
+

TRH
+

24 h
+
+
45

48 h
+
+

Table 4.5 continued
1E
2B
2D
2E
3A
3B
3C
3D
3E
3F*
3G
3H
4A
4C
4D
4F
4H
5B
5C
5F#
5G
6B
6E*
6H
1 FDA
2 FDA
3 FDA
4 FDA
5 FDA
6 FDA
5C
OSYTER
4E
OYSTER
5E
OYSTER
6E
OYSTER
5G
OYSTER
VP 2-K
VP 4-K

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

+

+

+
-

+
-

-

-

+
-

46

Table 4.5 continued
VP 5-K
VP 6-K
VP 13-K
VP 15-K
VP 17-K
VP 18-K
VP 19-K
VP 2--K
VP 25-K
VP 26-K
VP 27-K
VP 28-K
* Strain was not included in data analysis
#
5F was analyzed as a non-pathogenic strain

Figure 4.2

+
-

+
+
+
-

Hemolytic Activity at 24 and 48 h, tdh/trh Expression, and Urea Hydrolysis
(uh) in Pathogenic Vibrio parhaemolyticus Strains

All trh+ strains hydrolyzed urea while only 42% of tdh+ strains hydrolyzed urea
(Figure 4.2). Although the significance cannot be determined, the data indicates that trh
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may have a stronger association with urea hydrolysis than tdh. These results agree with a
study conducted by Osawa et al. (1995) that found all trh+ clinical strains hydrolyzed
urea. In addition, a study investigating tdh, trh, and urease expression in clinical strains
from a Vp outbreak in Thailand found that all uh+ strains also expressed trh (Suthienkul
et al., 1995). Research suggests the strong association between urease and trh is due to a
chromosomal linkage between the urease gene (ureC) and trh (Iida et al., 1998). The
epidemiological and genetic evidence supports the results that trh is highly associated
with urease production. Therefore, urea hydrolysis may be a useful indicator for
pathogenic Vp strains expressing trh, but urea hydrolysis is not reliable for detecting
strains that only express tdh.
Overall, Wagatsuma blood agar resulted in 15% false negatives for tdh/trh
expression. Christensen’s urea agar (CUA) resulted in 20% false negatives for
pathogenicity due to the tdh strains lacking urease. All pathogenic strains exhibited
hemolysis at 48 h except strains with the uh+, tdh/trh - biotype in which only 71% of
strains induced hemolysis. Out of 15 non-pathogenic strains, only 1 exhibited hemolysis
at 24 h while 4 exhibited hemolysis at 48 h. This hemolytic activity is probably due to the
expression of thermolabile hemolysin (tlh), which is present in all Vp strains and is not
related to pathogenicity.
Eighty percent of the pathogenic strains exhibited urea hydrolysis (Figure 4.2),
but only 59% of urea hydrolyzing clinical Vp strains expressed the hemolysins
commonly associated with pathogenicity. Not all pathogenic Vp strains expressed tdh or
trh. This characteristic was found in a Canadian Vp outbreak that yielded no tdh or trh
expression; however, all were positive for urea hydrolysis (Kaysner et al., 1994). A
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similar trend was observed in a study conducted by Kelly and Stroh (1989). The study
found that clinical Vp isolates collected from locally acquired gastroenteritis in the
Pacific Northwest hydrolyzed urea and did not exhibit beta-hemolysis on Wagatsuma
blood agar after 24 h incubation time. However, clinical Vp isolates collected from
patients who recently travelled to tropical regions did not produce urease and exhibited
beta-hemolysis.
A study conducted by DePaola et al (2003) found that over 90% of tdh+ food and
environmental strains obtained from Pacific, Atlantic, and Gulf of Mexico coastal areas
were also trh+ and uh+. It was not until the early 2000’s that trh+, uh+ strains were found
in the Altantic and Gulf of Mexico coastal regions (Berutti et al., 2014; DePaola et al.,
2003). This has prompted researchers to investigate the reason for the increased
prevalence of trh and urease in these regions. Atlantic and Gulf isolates have different
serotypes than Pacific strains, indicating the increased prevalence of trh and urease is not
due to accidental or natural transference of Pacific strains into the Atlantic Ocean and the
Gulf of Mexico (DePaola et al., 2003). Atlantic and Gulf of Mexico isolates still have a
lower prevalence of trh+, uh+ producing Vp strains than the Pacific; however, the
number of Vp strains expressing trh and urease is increasing in these regions (DePaola et
al., 2003, Berutti et al., 2014). Additional evidence of the increase in urease positive Vp
in the Gulf of Mexico was substantiated in a study conducted by Berutti et al. (2014) that
evaluated environmental Vp isolates from Mississippi coastal waters. These researchers
reported that the prevalence of urease positive Vp in 2006 and 2009 was 36% and 97%,
respectively. Because of the evolving biotype of pathogenic Vp strains, more research is
needed to fully understand the relationship between urease production and pathogenicity.
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Since 80% of pathogenic strains were uh+ (Figure 4.2), urea hydrolysis could be
used as a biomarker to detect pathogenic clinical Vp strains. Moreover, the results in
addition to the literature suggests that urea hydrolysis would be a useful method to detect
pathogenic Vp in the Pacific Northwest and trh+ strains. A sensitive urea-based
chromogenic media could be used as an inexpensive microbiological method to screen
for pathogenic clinical Vp with these characteristics.
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CHAPTER V
SUMMARY AND CONCLUSIONS
Oysters that were harvested from different regions within the Gulf of Mexico
expressed consistent urease activity depending on harvest site. The urease gene did not
migrate from the Pacific Ocean to the Gulf of Mexico or Atlantic Ocean. This suggests
that the increase in urease expression in these regions is an independent adaptation
(DePaola et al., 2003). More research should be conducted to investigate the
environmental conditions that trigger urease expression, the prevalence of urease positive
Vp in the Gulf of Mexico and Atlantic coastal regions, and how previously urease
negative Vp populations are acquiring the urease gene. Understanding environmental
conditions that stimulate urease expression may help predict a region’s risk for shellfish
contaminated with pathogenic Vp, especially in the Pacific Northwest where uh+, tdh/trhstrains are the source of most Vp outbreaks. No false negatives for tdh and trh were
detected on UREA agar.
Utilizing motility as a predictor for pathogenicity was not effective because
almost all strains (pathogenic and non-pathogenic) displayed motility; however, 2% of
uh- strains were not motile. Although the reason for this occurrence is unknown, further
research could explore if urea promotes swarming motility. Incubating clinical and oyster
Vp isolates on Wagatsuma blood agar for longer than 24 h resulted in false positives due
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to tlh expression and should be avoided for determining the presence of pathogenic Vp
based on tdh and trh expression.
Urea hydrolysis (uh) occurred in most (80%) pathogenic clinical strains and nonpathogenic strains demonstrated no urease activity. About 59% of urea hydrolyzing
strains expressed tdh or trh. Furthermore, all highly virulent FDA strains were uh+ and
tdh+ and four were trh+. All trh+ strains expressed urease, which further supports the
evidence that trh is more associated with urease than tdh. Therefore, urease may be very
useful for detecting trh+ Vp strains. Future studies could investigate how to utilize urea
hydrolysis to detect urease-positive pathogenic Vibrio parahaemolyticus (Vp) in clinical
samples to speed up the identification of Vp outbreaks.
Based on results and literature, urea hydrolysis may be a more reliable biomarker
for detecting potentially pathogenic Vp than hemolysis on Wagatsuma blood agar for the
Pacific Northwest where the predominant biotype of pathogenic Vp express urease and
do not express tdh or trh. In conclusion, urea hydrolysis could be used as biomarker for
screening pathogenic Vp in clinical strains and raw oysters. Developing a sensitive ureabased detection method could prevent outbreaks by screening environmental and food
samples in addition to detecting Vp outbreaks quicker by identifying possible Vp-related
gastroenteritis in clinical samples.
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Figure A.1

Urea Hydrolysis Reaction Scheme

See https://www.google.com/patents/US20100181200
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Figure A.2

Diagram of Experiment I Methods
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Table A.1

Sources for Vibrio parahaemolyticus-Positive Live Oysters Isolated from a
Preliminary Experiment and Apalachicola, FL

Sample ID
Date
Source
3
2/18/16
Gulf
6
2/29/16
Gulf
10
3/17/16
Atlantic
14
4/5/16
Unknown*
21
5/6/16
Gulf
$
24
5/12/16
Gulf
26$
5/19/16
Atlantic
28
5/25/16
Unknown*
29
6/15/16
Gulf#
30
6/22/16
Gulf#
*Oysters purchased from Memphis retail and wholesale markets, source unknown#
Oysters harvested from Apalachicola, FL
$
No growth on TCBS or UREA
Table A.2

Sigma Primer DNA Sequences for tlh, tdh, and trh

Product Number Primer Label DNA Sequence (5' - 3')
WD04906665

F-Tlh

AAAGCGGATTATGCAGAAGCACTG

WD04906666

R-Tlh

GCTACTTTCTAGCATTTTCTCTGC

WD04906661

F-Tdh

GTAAAGGTCTCTGACTTTTGGAC

WD04906662

R-Tdh

TGGAATAGAACCTTCATCTTCACC

WD04906663

F-Trh

TTGGCTTCGATATTTTCAGTATCT

WD04906664

R-Trh

CATAACAAACATATGCCCATTTCCG

65

66

11
13
13

UH +
TDH +
TRH +

UH -,
TDH+
and/or
TRH +
5
7
7
4
5
5

UH +,
TDH +
5
7
7

UH TDH+

Frequency of Hemolysis at 24 and 48 h for Pathogenic Clinical Vibrio parahaemolyticus Strains

UH +
UH +,
Pathogenicity
TDH+
TDH Biotype
and/or
and/or
TRH +
TRH Hemolysis + at 24h
17
1
Hemolysis + at 48h
20
5
Total Strains
20
7
UH- TRH + biotype was not found
UH (Urea Hydrolysis)
TDH (Thermostabile-direct hemolysin)
TRH (Thermostabile-related hemolysin).

Table A.3

2
2
2

UH +,
TRH +

GLOSSARY
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Alkaline Peptone Water (APW)- standard primary enrichment broth used to isolate
Vibrio parahaemolyticus
Alpha-hemolysis- incomplete destruction of red blood cells; does not form a clear halo
around a single bacterial colony.
Beta-hemolysis- complete destruction of red blood cells; forms a clear and defined halo
around a single bacterial colony.
Christensen’s urea agar (CUA)-a chromogenic agar media used to identify urease in
microorganisms where urease positive exhibits a magenta color.
Hemolysis- rupturing of red blood cells.
Kanagawa phenomenon (KP)- a characteristic of pathogenic Vibrio parahaemolyticus
strains exhibiting beta-hemolysis on Wagatsuma blood agar. Caused by
thermostabile-direct hemolysin and thermostable-related hemolysin.
Thiosulfate-Citrate-Bile Salt-Sucrose Agar (TCBS)- differential media used to isolate and
differentiate Vibrio spp.
Thermostabile-direct hemolysin (tdh)- a hemolytic protein expressed in some pathogenic
strains of Vibrio parahaemolyticus. Induces beta-hemolysis on Wagatsuma blood
agar. Considered a primary pathogenicity factor in Vibrio parahaemolyticus
infection.
Thermolabile hemolysin (tlh)- a hemolytic protein expressed in all Vibrio
parahaemolyticus and not related to pathogenicity.
Thermostabile-related hemolysin (trh)- a hemolytic protein expressed in some pathogenic
strains of Vibrio parahaemolyticus. Considered a primary pathogenicity factor in
Vibrio parahaemolyticus infection; however, to a lesser extent than tdh.
UREA- a urea-based agar media developed by Dr. Taejo Kim used to identify Vp.
Urea hydrolysis (uh)- the hydrolysis of urea by the urease enzyme into two ammonia
molecules and one carbonic acid molecule. Some Vibrio parahaemolyticus strains
express urease and more outbreaks are being linked to urease producing Vibrio
parahaemolyticus strains.
Wagatsuma blood agar- a specialized high salt agar media designed to identify Kanagawa
phenomenon positive (tdh/trh+) Vibrio parahaemolyticus strains and is the
standard microbiological media used to identify pathogenic Vibrio
parahaemolyticus.
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